Reversible intercalation reactions provide the basis for modern battery electrodes. Despite decades of exploration of electrode materials, the potential for materials in the non-oxide chemical space with regards to intercalation chemistry is vast and rather untested. Transition metal fluorides stand out as an obvious target. To this end, we report herein a new family of iron fluoride-based perovskite cathode materials AxK1-xFeF3 (A = Li, Na). Starting with KFeF3, approximately 75% of K + ions were subsequently replaced by Li + and Na + through electrochemical means. X-ray diffraction and Fe X-ray absorption spectroscopy 2 confirmed the existence of intercalation of alkali metal ions in the perovskite structure, which is associated with the Fe 2+/3+ redox couple. A computational study by density functional theory (DFT) showed agreement with the structural and electrochemical data obtained experimentally, suggesting the possibility of fluoride-based materials as potential intercalation electrodes. This study increases our understanding of the intercalation chemistry of ternary fluorides, which could inform efforts toward the exploration of new electrode materials.
Introduction
The study of the intercalation chemistry of alkali ions in transition metal-containing hosts has fascinated scientists for the past 40 years. The ability to intercalate large amounts of lithium enabled the advent of modern Li-ion batteries. It is also at the core of many efforts to develop next-generation energy storage solutions to enable the integration of renewable energy sources for a modern sustainable society.
With major challenges arising from the difficulties in achieving high energy density and extended life at a reasonable cost, new battery chemistries for electric vehicles and smart grids applications are a field of intensive research.
1 Searching for new electrode materials to replace the oxide cathodes used currently in
Li-ion technologies is the fastest way toward leaps in storage capability. The underlying reason is that current cathodes possess about half of the reversible specific capacity of the commercial graphite anodes, and, as a result, are the limiting components.
The chemistry of fluoride-containing compounds has been of historic interest due to the highly electronegative nature of the ion. The highly ionic nature of the transition metal-fluoride bonds elevates the redox potential of the material, rendering fluorides interesting in the search for an intercalation cathode 3 that enables devices with high energy density. It is also of interest that these highly electronegative species might be able to stabilize highly oxidized transition metals upon high rate cycling, leading to better safety through the reduced likelihood of material degradation. Among the redox-active transition metals, iron is particularly attractive due to its abundance, cost, and environmentally benign nature. Prior to this report, a few binary iron fluoride phases (FeF3, FeF2 and FeF3·xH2O) [2] [3] [4] [5] [6] [7] and mixed-anion compounds (FeOF) [8] [9] [10] have been studied as active materials for electrochemical energy storage. 2, 5, [11] [12] [13] [14] [15] However, most of these phases were found to react through conversion mechanisms, where the fluoride compounds are reduced all the way to metallic particles and LiF. This mechanism results in severe capacity losses during cycling. 16 In order to incorporate Li into the cathode, as required to pair it with Li-free graphite anodes, a nanocomposite of FeF2 and LiF has been investigated. 3 This nanocomposite also shows a very complex transformation mechanism with the hypothesized existence of intermediate ternary phases of poor crystallinity. The outcome was still a deficient ability to cycle reversibly.
Topotactic intercalation mechanisms, where atomic arrangements are not severely disrupted, continue to be preferred in the design of new cathode materials. 17 Aside from the small solubility of Li in FeF3 (to roughly Li0.5FeF3) before conversion, only Li3FeF6 and LiFe2F6 were clearly shown to possess electrochemical activity through intercalation mechanisms. [18] [19] [20] Other iron based fluorides such as LiNiFeF6 21 and Na3FeF6 22 have been experimentally synthesized and studied, but their electrochemical properties were rather poor. Most of these ternary phases contain Fe (III), [23] [24] which is difficult to oxidize further during the initial lithium deintercalation (cell charge where rA, rB and rO are ionic radii for A, B and O respectively. 29 When t is lower than 0.75, the perovskite structure will tend to deviate from the cubic ideal form whilst attempting to reduce bonding strain. [29] [30] The tolerance factors for KFeF3, NaFeF3, and LiFeF3 (where rF is substituted for rO in the equation above) are around 0.91, 0.79 and 0.70 respectively, assuming they all retain the perovskite structure. In fact, NaFeF3 has been shown to distort to an orthorhombic symmetry structure. 28, 31 Likewise, LiFeF3 would be expected to exist in a lower symmetry system, if it can be made.
Perovskites constitute a family of materials that exhibit many interesting properties and are widely used in modern chemical industry as catalysts, 29 KFeF3 and carbon black were premixed in a planetary ball mill (Retsch PM 100) at 500 rpm for 12 hours.
The slurry was mixed until homogeneity was reached, and was subsequently cast onto Al foil using a doctor blade. All the electrode processing was done inside an argon filled glove box. The electrodes were left to dry under ambient temperature in the glove box over night before being placed in a vacuum oven at 110°C for 12 hours.
The composition and crystallinity of the KFeF3 samples were evaluated by powder X-ray diffraction (XRD). Patterns were collected between 10° and 80°, 2θ, at a rate of 0.02°/min using a Bruker D2 phaser diffractometer using Cu Kα radiation (λ = 1.5418 Å). Operando synchrotron XRD data were 6 collected on beamline 11-3 at the Stanford Synchrotron Radiation Lightsource (SSRL, Menlo Park, CA) with a Si (311) crystal monochromator. Data were collected continuously in 3-minute acquisitions on the coin cell in transmission geometry during cycling. A special 2032 coin-type cell was made with a hole in the center of the spacer, bottom and top coin cell parts for the beam path. 42 The coin-type cell was subsequently sealed in a pouch with two leads to connect the electrodes to the cycler. The stage was rocked by 0.02 mm during beam exposure to minimize beam damage. Both LaB6 and the current collector Al were used as external and internal standards, respectively.
The particle sizes and morphologies of samples were analyzed using scanning electron microscopy (SEM). Micrographs were collected on a JEOL 7500F microscope operated at 15 kV and 20 mA in SEM mode, and the elemental distribution of samples was examined with an energy dispersive X-ray spectroscopy (EDS) detector (Thermo-Fisher). The electrodes for EDS were recovered from cycled coin cells and washed with DMC in an argon-filled glove box.
Soft X-ray absorption spectroscopy (XAS) measurements were carried out on the 33-pole wiggler beamline 10-1 at the Stanford Synchrotron Radiation Lightsource (SSRL, Menlo Park, CA) using a ring current of 350 mA and a 1000 l·mm -1 spherical grating monochromator with 20 µm entrance and exit slits.
Data were obtained at a spectral resolution of ~0.2 eV in fluorescence yield (FY) mode to acquire bulk information on the material. The angle of incidence in FY mode was selected so as to minimize selfabsorption while still being bulk sensitive. The beam footprint on the sample was 1 mm 2 . Samples were attached to a bar-shape aluminum sample holder using conductive carbon tape. All samples for soft XAS study were KFeF3-SS pristine and that cycled vs. Li at different state of charge (D1V, D2V, C4.5V).
Fe K-edge XAS transmission spectra were collected on KFeF3 samples at different states of charge or discharge at beamline 20-BM-B at the Advanced Photon Source (APS), in transmission mode using a Si (111) double crystal monochromator. A Fe metal standard foil, located in front of a reference ion-chamber for the Fe edge, was measured simultaneously with each spectral sample for energy calibration.
All data processing, including normalization was carried out using the software SIXPACK by fitting a linear polynomial to the pre-edge region and a quadratic polynomial to the post-edge region of the absorption spectrum. The energy threshold E0 of the reference Fe foil was determined from the first derivative peak of the spectrum, and all XANES spectra were linearly calibrated using the difference between the obtained E0 and the tabulated absorption edge energy for Fe K-edge. Pre-edge background subtraction and XANES normalization were carried out. Background removal and edge-step normalization were performed using Demeter program pack with Athena. IFEFFIT was then used to fit the EXAFS by Artemis in the Demeter software package. 43 The fitting was limited to a k range of 2-10 Å -1 , dk = 1 Å -1 using Hanning windows, R range from 1 to 4 Å. The pristine sample is designated KFeF3-SS pristine, and samples C4.5V, D2V are KFeF3-SS cycled vs. Li, and Na_1.9V is cycled vs. Na. FeF2
and FeF3 are commercial products used as references.
Total energy calculations based on density functional theory (DFT) were performed to understand the phase stability of perovskite LixK1-xFeF3 and NaxK1-xFeF3 structures. The relaxed perovskite KFeF3 structure from the Materials Project was used as the original perovskite framework, whose K sites were replaced with Li (or Na) completely or partially (in supercells) to model distinct K-Li (or K-Na) orderings at different compositions. 25 The structure enumeration procedure is commonly employed in combination with the cluster expansion formalism to identify low energy structures for a lattice system. 44- 46 We calculated 54 structures for LixK1-xFeF3 and 41 structures for NaxK1-xFeF3. The DFT calculations used the project augmented wave (PAW) method 47 as implemented in the Vienna ab initio Simulation Package (VASP) 48 with a plane-wave energy cutoff of 520 eV. The generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) 49 was used to approximate the electronic exchange and correlation energy.
GGA+U calculations with U parameters consistent with the Materials Project were performed for the 8 fluorides. 50 The Brillouin-zone integration was sampled with a Monkhorst-Pack mesh of 1000 k-points per atom. Spin polarization was considered with a high spin ferromagnetic initialization. All structures were allowed to fully relax and the total energy was converged within 5 meV per atom. XRD simulations of KFeF3, K0.5FeF3 and Li0.5K0.5FeF3 were performed with PowderCell software. 51 For the XRD simulations, the same crystal structure and lattice cell parameters were used, and only the site occupancy was changed for three compounds in the simulation in order to compare the reflection intensity change on varying the A site element.
Results and discussion
KFeF3 was obtained through a solid state route. The XRD pattern ( Figure 1a ) matched KFeF3 with a cubic perovskite structure (PDF# 200895) showing high crystallinity. One small additional reflection that could not be accounted by KFeF3 appeared around 30°, 2θ, which was possibly due to a K2FeF4 impurity. The intensity indicates that any impurity was present at a very low concentration and, thus, it did not affect the conclusions on KFeF3 presented hereafter. The morphology and particle size distribution was investigated with SEM ( Figure 1b) . The particle size of KFeF3 was around 1 µm, as expected from the high temperature calcination routes, with both cubic and spherical particle morphologies (Figure 1b) .
In order to evaluate the ability of KFeF3 to undergo a redox intercalation reaction, the compound was used as the working electrode in a coin cell with an alkali metal (Li or Na) as counter electrode. In the first step, KFeF3 was driven to anodic (i.e., high) potentials by charging the cell galvanostatically.
This step resulted in a relatively steady increase of the cell potentials, which tended to stabilize above 4 V vs. Li + /Li 0 and 3.8 V vs. Na + /Na 0 , respectively. The total accumulated charge after this anodic scan at constant current was roughly 150-170 mAh/g, equivalent to the removal of around 80% of K + from the compound. X-ray absorption spectroscopy was measured at the Fe L3-edge for KFeF3 in its pristine state and after the anodic process in the cell against Li metal. Measurements at the Fe L-edge are very sensitive to changes in valence electronic structure since the 2p excitation probes the Fe 3d states, which are directly involved in the redox reactions in batteries. 52 The fluorescence yield (50 nm probing depth) of the Fe L3-edge for KFeF3 at different states of charge is shown in Figure 2b . The pristine state showed an intense feature at 706, accompanied by a second one at 709 eV, which is associated with Fe 2+ . 53 The intensity ratios of the multiplets are sensitive to changes in the iron oxidation states. 54 The two broad peaks around 706 and 709 eV reversed their intensities in the spectrum of when going from the pristine sample compared to the charged state, indicating a transition from Fe 2+ to Fe 3+ , with incomplete oxidation. 53 The interference of the tail of the F K-edge (696 eV) in the region of the Fe L edge (707 eV) is responsible for a complex background that hindered accurate quantification. Additional information was collected at the Fe K-edge, where changes in oxidation can be clearly observed in the form of solid shifts of the absorption white line, above 7115 eV for KFeF3 (Figure 2c) . A small pre-edge feature can be observed in the spectra of both the materials in the pristine and oxidized state due to the slightly distorted FeF6 octahedra in the structures.
The absorption edge (white line) shifted slightly to higher energy after the anodic scan to 4.5 V vs. Li + /Li 0 .
This state was found to be located between reference spectra of FeF2 and FeF3, indicating that mixtures of Fe 2+ /Fe 3+ were present, as expected from the electrochemistry results and consistent with the L-edge data.
Above the absorption edge, the extended X-ray absorption fine structure (EXAFS) region can be analyzed in the form of a radial distribution function through a Fourier transform step. The resulting functions are shown in Figures 2d and S1 , with results from fits of the data summarized in Table S1 . The similarity in the observed features indicates that the structural changes are small despite the significant change in oxidation state of Fe, as would be expected from a topotactic process of deintercalation of K + . The first peak, corresponding to Fe-F bond distances, shifted from 2.05(1) to 2.01(1) Å after the anodic scan on (Table S1) . 5, 27, 55 After the oxidation step, the polarization of the electrochemical cells was reversed in order to induce cathodic reactions (cell discharge). The resulting electrochemical profile showed hysteresis with respect to the anodic step (Figure 2a) . The potential during the cathodic scan continuously decreased, with the exception of a small inflection point at ~2.8 V and 2.5 V vs. Li + /Li 0 and Na + /Na 0 , respectively. Despite this hysteresis in potential, the specific capacity during charge of the cell was highly reversible upon discharge. While the cell containing Na metal was stopped at 1.9 V vs. Na + /Na 0 , for a total accumulated capacity of roughly 100 mAh/g, the electrode cycled against Li metal was further reduced to 1.0 V vs. complete. The center of gravity of the spectrum from a sample collected at 1.0 V was shifted to a lower energy than that of KFeF3, and the multiplet at higher energy was significantly reduced, indicating that Fe was reduced beyond the 2+ state. Thus, the process at 1.2 V vs. Li + /Li 0 corresponds to the partial conversion to Fe metal, and the destruction of the initial structure, consistent with the very large specific capacity associated with it. Because conversion reactions typically present challenges of reversibility and severe hysteresis, 16, 56 and due to our fundamental interest in intercalation reactions in these fluorides, further data, discussion and analysis of this partial conversion to metal is left outside of this study.
Comparison of the Fe K-edge spectra at 2.0 V vs. Li + /Li 0 with the pristine and oxidized samples revealed a shift back toward Fe 2+ after the cathodic step (Figure 2c) , consistent with the Fe L3-edge data. The Fe K-edge data also indicated that this reduction was not complete. For comparison purposes, the Fe K-edge 11 spectrum of a sample recovered from a Na cell at 1. Figure 3 shows the formation energy of perovskite structures with different K-Li and K-Na orderings. The formation energy was defined as in Equation (1), where A is Li or Na:
The total energy of perovskite structures for KFeF3 and NaFeF3 were used. 25 Because LiFeF3 is not stable when crystallizing in a perovskite framework, the structure with the lowest predicted energy (Cmc21, not perovskite structure, where layers of corner-and edge-sharing interconnected [FeF6] octahedra and lithium layers arranged in an alternate fashion in an orthorhombic structure) was taken from the Materials Project (www.materialsproject.org) as a reference. 25 Here, a negative formation energy indicates the binary K-Li (or K-Na) ordering in a perovskite framework is stable against decomposing into two separate phases, KFeF3 and LiFeF3 (or NaFeF3). As shown in Figure 3 , different orderings of K-Li
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(or K-Na) at certain compositions give different formation energies, and the most stable orderings (lowest formation energies) at selected compositions are shown with a solid curve. The perovskite framework appears to have configurations that are stable for the whole composition range for NaxK1-xFeF3 (formation energies lower than 0 eV/atom). However, the perovskite LixK1-xFeF3 phase is only stable up to about 80%
Li, due to the energetically unstable cubic perovskite LiFeF3 phase. 58 In conclusion, density functional theory calculations illustrate that certain perovskite compositions, AxK1-xFeF3 (A = Li, Na) are thermodynamically stable against decomposition into KFeF3 and LiFeF3 or NaFeF3, which is in agreement with our experimental results. These results also indicate that while full substitution of K + by Na + may be possible, leading to very high specific capacity, the substitution of 80% K + by Li + , as quantified from the experimental electrochemical data above, may well correspond to the stability limit of the framework.
Once AxK1-xFeF3 (A = Li, Na) is formed in the working electrode, it can be cycled against either
Li or Na metal in a highly reversible manner. The specific charge and discharge capacity curves of the electrochemical cells at selected cycles are shown in Figure 4a and c for Li and Na, respectively. It can be readily observed that the second oxidation occurred with minimal potential hysteresis with respect to the first reduction. This chemical reversibility extended to a significant number of cycles. The observation indicates that the reaction pathways during charge and discharge are essentially the same after the first cycle, so that K + ions were removed in the first oxidation but either Li + or Na + ions were inserted and extracted thereafter. Indeed, evidence of both K and Na was found in a carefully rinsed electrode recovered from a Na metal cell after 10 cycles, based on a combination of SEM and energy dispersive X-ray analysis ( Figure S2 ).
Operando XRD characterization was carried out to further study the structural changes during these electrochemical reactions. Focus was placed on KFeF3 in a cell with a Li metal counter electrode (and an electrolyte containing a high concentration of Li + ions). The XRD patterns were collected for the 13 first oxidation-reduction cycle, as well as a second oxidation. The full patterns are shown in Figure S3 , with zooms in the region of the (110) and (200) reflections shown in Figure 5a , b. Two major changes were observed during cycling: i) the intensity of the initial KFeF3 significantly decreased, with no obvious peak shifts; ii) a new peak appeared during the first discharge. The unit cell volumetric changes of the perovskite lattice upon cycling calculated from XRD patterns are given in Figure 5c . The unit cell volume decreased continuously (within 1% change) during the first charge as K + ions were removed. Relatively little change was observed during the subsequent Li + intercalation/deintercalation processes, with the exception of an apparent change in trend during the first intercalation, which could be due to a structural relaxation of LiyK1-xFeF3 (where, ideally, x=y at full reduction), once a critical y was achieved. The overall volume change was less than 1% on cycling. It is worthwhile noting that low values of expansion are favorable in battery electrode materials as this reduces mechanical degradation of the electrode due to the buildup of strain. These results indicate that further exploration of perovskite frameworks in search for viable electrode materials may yield phases with interesting electrochemical properties. The perovskite structure is attractive as it provides 3D channels for ions diffusion, and the original K sites should give more freedom to Li and Na ions to move. 59 This report also provides the first evidence that Fe 2+ and Li + may coexist in a perovskite framework, an interesting observation from the perspective of solid-state chemistry. While it is known that perovskite NaFeF3 has a monoclinic structure due to the distortion introduced by replacing large K + ions (138 pm) with significantly smaller cations, Na + (102 pm), 60 LiFeF3 has never been successfully synthesized.
Interestingly, when stabilized by remaining K + ions, a structure close to the pristine KFeF3 is retained for the partially lithiated materials. Nonetheless, an intensity decrease was observed in the (110) reflection during the initial K + removal, consistent with it showing the highest density of these cations in the perovskite structure. The subsequent insertion of low-Z Li + ions into the structure is expected to result in 14 a sustained reduced intensity for this reflection. A simple powder XRD simulation of a hypothetical Li0.5K0.5FeF3 composition confirmed this qualitatively ( Figure S4 ). 51 In the operando experiments, one new reflection appeared to the left of the (200) Despite the small volume changes during the electrochemical reaction, there was a noticeable capacity loss during the first few cycles in the Li metal cells (Figure 4b) , indicating a few formation cycles are required to reach equilibrium. In contrast, Na metal cells reached a stable cycling performance after the second cycle ( Figure 4d) ; the retention between this cycle and cycle 30 was 95%, compared to 72%
for the material in a Li cell. The origin of this different behavior is not clear at this point, although the higher stability of NaxK1-xFeF3 compared to LixK1-xFeF3, as reflected in the calculated formation energies in Figure 3 , could play a role. The Coulombic efficiencies of the cells was also well below 100% when broad potential windows were used (Figures 4b and d) . This behavior indicates that the capacities during oxidation (charge) were systematically higher than upon reduction (discharge), probably due to the decomposition of electrolyte components at high potential. 62 Nonetheless, the specific capacities stabilized at a respectable ~80 mAh/g and ~90 mAh/g for Li and Na metal cells, respectively, and were sustainable 15 for tens of cycles. As expected, the inefficiencies were reduced when a smaller voltage window was observed, but this came at the expense of lower specific capacities. For instance, when using a window of 2.5-4.0 V, the Coulombic efficiency stabilized around 100% with a capacity around 40 mAh/g.
Optimization of the electrode performance was beyond the scope of this work and was not attempted.
Conclusions
In the present study, we have synthesized the parent perovskite KFeF3 through a solid-state chemistry method, and material demonstrated the existence of reversible intercalation chemistry of Li or Na in a K-stabilized Fe-F perovskite framework. XAS at the Fe L3 edge, and XANES and EXAFS at the (197 mAh/g). Reducing the particle size can help to alleviate the poor conductivity of fluorides, and, consequently, improve the electrochemical performance. These prospects create opportunities for the design of a new family of attractive electrode materials. 
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